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PREFACE

Thia document reports on the results of an experimental study
conducted to determine the geometric and radiometric effects of
double resampling ("bi-resampling”) performed on digital images in the

process of performing map projection transformations.

The technical support provided by Mr. Bernard Peavey of NASA-GSFC

in the course of this study is gratefully acknowledged.
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Ty OF THE
Saction 1 Tntroduction and summary RE?RODUGIB GE 1S POOR
ORIGINAL PA
This is the final report for the Experimental Bi-resampled
NData Study nerformed by Il for the Goddard Srace rFlight "enter under
contract NAS5-23703,
1.1 Nverview
The purrose of this study is to determine the radiometric
and geometric effects caused bv the double resampling of an image. A
Aouble resampled ( bi-resampled ) image in this experiment is an image
created hwv first resampling raw, uncorrected data into a ilniversal
Transverse “tercator (UTM) nrclection, and thern resamnling this UTM
image into 8 Lambert Conformal Conic projlectio:. This image is then
subjected to various comparative analyses with respect to singly
rersmpled imapery which was created by resampling the raw data directly
into the Lambert projection. The two scenes considered in this study are
1) band 5 o~ scene E-1080-15192 ( & Chesapeeke scene ), and
?) tands % .rough T of a subimape of scene E-2183-16433
covering a LACIE i1ter .ve training =ite.
These scenes are designated as scene A and scene B, respec.ively,
chroughout this report.
™he accuracy of ihe mapping functions used in the resampling
rroceas, for hoth the singly and doubly resampled imagery, is discussed
i*. Tection 2. Fection 3 presents the results obtained in the measurements
of the registration accuracy between the two versions of scene A.
Various quantitntive measures of the radiometric degradation due
to the bi-reramnling are discussed in Section L, The final secti-n
discuss . the results obteined for classification processing of

the two rsions of scene 3.
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1.2 Summery of Results URiui AL PAGL Iy oo
The results obtained in this study are summarized by the
following items:

a) The misregistration of the two versions of scene A was
found to be bounded by 0.29 pixels (the pixel spacing is 50.8
meters), and for the two versions of scene B the misregistration
bound was 0.20 pixels. These are gross misregistrati.n bounds.

b) IBM's correlation program was applied to 9 widely
distributed features in scene A, and the maximum misregistration
of any of these features was found to be less than 0.1 pixel.

The program was also applied to 19 clustered features. The registration
results obtained show random misregistration errors.

¢) Redioretric differences on a pixel-by-pixel basis were
found to be small. Difference imegery, radiometrically stretched
foer photographic recording, exhibits differences primarily along
sharp edges, such as land-water interfacee and airport runways.
Considering all bands of both scenes, roughly 97% of the pixel
values in the hi-resampled imagery differed by less than 1 count
from the corresponding values in the singly resampled imagery.

d) Edges were degraded slightly in the bi-resampling process.
The bi-resampled dats displayed "overshoot" on =2dges, similar to
the Gibb'e phenumenon of Fourier series at a discontinuity. No
noticeable spreading of edges was observed.

e) "he classification results obtained for the two versions

of scene B were essentially the same. Classification accuracy,



with respect to ground truth data, is insensitive to the singly
or doudbly resampled nature of the data classified. The largest

discrepancy observed in the aresl proportion estimates obtained

from the two data sete was 1.1%.
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Tection 2 Mapping Functions

I3 chose to resample, or project, the uncorrected scenes and
the UTM scenes to the Lambert Conformal Tonic (LCC) projection. The
resamnling task requires an inverse mapping function which maps pixels in
the LCC image space to pixels in the input image space, which in this
study was either the uncorrected image space or the UTM image space. These
inverse mapping functions are denoted by G, which maps the LCC image
space to the UTM image space, and H, which maps the LCC image space to
the uncorrected data. The function G is the inverse mapping function for
the bi-resamnling process, and the function H is the mapping function for
the cingle resampling process.

These functions were developed as a series of transformations
ana are illustrated in Figure 2-1. The function G is the mathematical
comnosition of the following transformations:

a) T1°1. a rotation and scale change which transforms pixels in the
10 image snace to (x,v) coordinates in LCC space,

b) TLA'MFRT, which maps (x,y) coordinates in LCC space to geodetic
latitude and longitude coordinates. NDetails of this transformation and
its inverse transformation, LAMBERT, are provided in the appendix.

¢) ULL, which maps geodetic latitude and longitude to the UTM
cooriinates of northing and easting. This transformation was provided
by an APl. version of the equations employed by IBM in correcting imagery
to the UTM projection.

d) T, a translation, rotation and scale change which maps UTM
northing and eactins to U'IM image coordinates.

The manning “unction H is the composition of the above function G with F,

2-1



H = Fof;

wvhere F represents the inverse mapping function used in the original
production of the UTM imase. For scene 1080-15192, F is a pair of bivariate,
fifth order nolynomials. For the LACIE intensive training site, F is a pair
of hivariate, second order polynomials. The UTM image of the LACIE site
was not aveilable, and so a region r ° the uncorrected image, consisting of
approximately LOOxLOO samples, was resampled to create an UTM image of
this area. The image size was chosen so that image edge effects would
not be encountered in the subsequent resampling to LCC space. The explicit
mapping function used in the original creation of the UTM image of scene B
was not used to create this UTM subimage. Instead, & polynomial approximation
to this explicit mapping function was developed by the method of least
squares over a region containing Hand County and the LACIE site.

At this point it shouid be noted that if the functions G and H
were used for mapping ell image coordinates in the resampling program,
there would be no remistration error between the singly and doubly
resamnled images. However, it is impractical to specify G and H explicitly
in the resampling program because of their computa*ional complexity.
Instead, the procedure used is to develop a pair of bivariate polynomials
to annroximate these mapping functions, and a regular grid as an interpolation
net over the imape. The resampling logic uses the polynomials to map the grid
roints and bilinear interpolation to map other image points. This introduces
ceometric errors which ¢an te characterized as either errors due to the
nolynomial approximation (E) or errors due to the bilinear approximation
of the polynomial at off-grid points (EB). Bounds for these errors in the
resampling performed in this study are presented in Table 2-1. The errors

are expressed as a fraction of the 50.8 meter pixel spacing. For scene B,
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vwhich was small, polynomial approximations were not used. In this case the
mapping was provided explicitly. In Table 2-1, the notation "LCC(UTM)"
refers to the resampling to the LCC image from the UTM image and "LCC(II)"
-eferg to resampling to the LCC image from the uncorrected imege. Generally,
the errors in the table are pessimistic, since the errors are probably

not additive, and the bounds are only approached near the corners of the

image.
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F(pixels) Ep(pixels) Grid Spacing
Scene A, UTM projection 0.01 0.06 100 pixels
1cc(UT™) projection 0.00 0.00 200 pixels
LCC(II) projection 0.01 0.19 200 pixels
Total misregistration bound 0.02 0.25
Maximum Misregistration 0.27 pixel
Scene B, UTM projection 73 0.10 :g: i;';;ies
LCC(UTM) projection NA 0.00 cU. pixels
LCC(II) projection NA 0.10 cu. pixels
Total misregistration error NA 0.20
Maximum Misregistration 0.20 pixel

Note: LCC(TI) - Lambert derived directly from raw data.

LCC(UTM) - Lambert derived from UTM image.

Table 2-1. Registration Error Bounds
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"motion 3 Measured lepistration Frror

Misregistration was investigated with IBM's control point
correletion algorithm. Nine features widely distributed over scene A, and
19 closely clustered features in the Camp Hill region were chosen. The
locations of these features are indicated in Figure 3-1, and the 9 widely
distributed features from the singly and doubly resampled images are
presented in Figures 3-2 and 3-3. In the latter figures, the features have
been enlarged to a scale of approximately 1:50000. Shedeprints of the 9
features are provided in Figure 3-L.

The correlation program's registration results are given in
Tables 3-1 and 3-2. In these tables, line and sample misregistration are
given ia units of the 50.8 meter output pixel specing, and are designated as
Ax and Ay, respectively. The worst case line and sample misregistration
was found to be Ax = 0.07 and Ay = 0.07. The measured standard deviation of
the misregistration in the cluster area suggest that the errors are random,
assuming the error function to be slowly varying. Included in these
nisrepgistration errors are the estimation errors inherent in the correlation
propram. To estimate these errors, the algorithm was epplied to the singly
resampled scene alone. The resulting sutocorrelation errors, which are
purely algorithm estimation errors, are:

Mean Ax Mean Ay Std Dev Ax Std Dev Ay

Cluster Regilon 0.002 -0.001 0.01 0.02
(10 features)

NDistributed Features 0,002 -0,003
(9 features)

These results indicate that the misregistration results in Tebles 3-1 and



3-2 are of the same order of magnitude as the correletion estimation errors.
In bhoth cases, the errors are negligably small. These control point results

are well within the ,;:viously developed bounds on misregistration (Section 2).



Feature Line Misregistration Sample Misregistration

Ax (pixels) Ay (pixels)
1 0.02 0.07
2 0.03 -0.03
3 0.03 c.0L
y -0.01 -0.05
5 -0.0k -0.05
6 0.00 0.01
K -0.01 0.00
8 0.00 0.C2
u 0.05 0.01
mean 0.008 0.002

Table 3-1. Ueasured Misregistration Errors for Nine Widely Distributed

Featuresz in Scene E-1080-15192



Cluster Line Misrepistration Sample Migregistration

Feature Ax (pixels) Ay (pixels)

1 0.00 u.0l1

2 -0.06 0.00

3 0.03 -0.02

Y 0.05 0.02

5 0.07 -0.0b

€ 0.05 -0.03

{ -0.02 -0.01

8 -0.01 0.01

9 0.05 0.01
10 0.00 0.00
11 v.Ch -0.05
12 -N.05 -0.03
13 0.01 0.02
1l -0.03 -0.04
15 -0.03 0.02
1€ 0.01 -0.03
17 -0.01 0.02
18 0.03 0.00

* 19 -0.02 V.06
mean 0.007 -0.00h
std dev n.nk 0.03

T™able 3-2. "Meagured ‘'isregistration Frrors for 19 Clustered Features

in the Camp Hill Region of Scene F-1080-15192.
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This figure is a photograph contained

in the pocket at the back of this report.

Fipure 3-1. Feature Location, Cluster Region, and High, Medium and
ILow Frequency Regions of Scene E-1080..15192
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This figure is a photograph contained

in the pocket at the back of this report.

Figure 3-2, Nine Features from the Singly Resampled Image of
Scene E-1080-15192.
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This figure is a photograph contained

in the pocket at the back cf this report.

Fipure 3-3. Nine Featwres from the Doubly Resampled Image of
Scene E-1080- 5192

3-7
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Section L, Radiometric Degradation

Visually, there appears to be little degradation of the
bi-resampled image of scene A. The singly resampled image and the
doudbly resampled image are shown in Figures U4-1l and k-2,
respectively. A visual image of the radiometric differences was
produced by subtracting the bi-resampled image from the singly
resampled image, adding a bies, and exaggerating the radiometric
scale. This difference image is shown in Figure L-3. Keeping in
mind the fact that these differences are slight, several comments
can be made regerding the difference image. First, one can see in
the difference image the land outlines and features with sharp
edges, such as * rports. Second, the overall image tends to a
uniform gray, indicating that there are no gross geometric distortions
in the registration of the two images. Sharp edges stand out in
the difference image due to the "overshoot" of the cubic
convolution algorithm employed in the resampling process. This
characteristic of the cubic convolution algorithm is discussed
in more detail later in this section.

Quantitative measures of the effects of double resampling
were obtained through histograms of the difference image, histograms
and statistical evaluation of corresponding subimages from each
of the resampled images, and power spectra analyses of these
corresponding subimages.

a) A quantitative measure of the radiometric differences is

provided in the histograms of the difference images and the two



images each of scenes A and B, Figures 4-4 through 4-9. In Figure
4-9, the histogram of the difference image of the interior region
of scene A, 9T% of all pixels have count differences of at most
one count.

Two commerts need to be made at this point regarding the
U™ image of scene A, from which the bi-resampled image was created.
First, the cubic convolution algoritim had a round-off error at
the time the UTM image was produced. The effect of this problem
is that the average count in the UTM image is 0.5 count lower
than the average count in the raw, uncorrected deta. This is
supported by the histogram (Figure 4-6) which shows the average
count of the difference image to be 140.5. Since the bias added
to the difference image was 140, this implies that the singly
resampled image has an average count 0.5 greater than the
bi-resampled image, the co'nt loss in the UTM imege having been
carried over to the bi-resampled imasge. Second, the UTM image did
not have a sufficiently large border to eliminate "edge problems"
when resampling to produce the bi-resampled image. The edge
problem has the effect of spreading éﬁe histogram of the difference
image. To eliminate the edge problem effect on the histogram, the
interior region of the difference imege was histogrammed, and is
shown in Figure 4-9. This figure shows the elimination of the
tails of the histogram in Figure L-6. Neither of the above two
problems apply to scene B.

b) Three regions of each scene were selected on the basis

L-2



of their relatively high, medium, and low spatial frequency
characteristics. Areas selected in scene A are voxed in Figure
3-1, and histograms of each area for the singly and doubly
resampled images are provided in Figures U4-10 and bL-11. A
shadeprint of band 5 of scene B is given in Figure 4-12, and the
areas selected in this scene are showa in Figure 4-13.

Radiometric averages and standard deviations were computed
and plotted as a function of area size for the three regions from
the aingly and doubly resampled images. The various areas used
in the computation are centered in their respective regions. Plots
of these for scene A and the four bands of scene B are presented
in Pigures b-1ll through 4-18. In general the differences tend to
be fractions of a count and are greater in the small areas
(e.g. 2x2) where the calculations are more sensitive to individual
pixel differences. One exceptisan is in the high frequency region
of scene B, band 5. This plot shows a higher standard deviation
in the bi-resampled image. The nested square areas for which the
mean and standard deviation are computed are centered on a sharp
edge in the high frequency region. The greater standard deviation
of the bi-resampled image is a manifestation of the overshoot of
the cubic convolution algce.ithm when processing across an edge.

An evaluation of this edge overshoot problem is presented in
paragraph d) below.

¢) One-dimensional power spectra of scene A were computed
for the three regions, both in the vertical and the horizontal
directions. An 128-point Discrete Fourier Transform (DFT) was

employed in the calculation of the spectrum of each line. Spectra
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of 50 contiguous lines were averaged by frequency in each of the
regions. These averaged, or smoothed, spectra for the singly =nd
doubly resampled images in all three regions, plus the absolute
difference of the singly and doubly resampled image spectra are
presenteG in Figures 4-19 through 4-36. In the computation of the
spectra, the DC term was removed prior to the transform computation.
The power spectrum response of the single and double
resampling process is shown in Figure L-37. The iTrequency response
of the bi-resampling is simply the convolution of the single
resampling response with itself. These curves suggest that, relative
to the single resampling process, bi-resampling boosts the lower
frequencies and attenuates t.e higher frequencies, with a crossover
point of 0.29 cycles/sample. (In the Figu 2 4-19 through 4-36, this
crossover frequency corresponds to I = 37.) For the high and medium
frequency regions, and for both the horizontel and vertical spectra,
the power spectra curves show this behavior. Crossover frequencies

for these four cases are:

Region Crossover
high frequency,horizontal 37
high frequency,vertical L3
medium frequency,horizontal b1
medium frequency,vertical 4s

The deviations of the actual crossover points from the theoretical
crossover points can be attributed to errors in estimating and
smoothing the frequency response of tha digital data, plus discretization

errors in the radiometric count computed for each pixel in the

hol



single and double resampli- process. The low frequency regions
do not exhibit this general behavior. This ie probably due to the
computational errors, in the power spectrum estimaticn process,
beinpg larper than the actual energy present in the higher
frequencies.

d) The process of bi-resampling pri;arily degrades edges.
This is due to the suppreesion of the high frequeéncy energy content
in edges bv the cubic convolution algorithm, as discussed above ir
¢). This effect maniferts itself as edge overshoot in the
bi-resampled imagery. Several examples c¢f this phenomenon are
piven in Figures 4#-38 through L-Ll. These figures compare the
raujemetric values of the singly resamnled imagery with these of
the bi-resampled imagery along either a vertical or s horizontal
line which crosses a sharp edge. Also included in these figures
is the "nearest neipghbor"” resampled raw date. (The raw data is nod
congruent to the r sampled data and is provided only as s guide to
the gene:al shape of the uncorrupted data. However, in Figure L1-38,
the raw data line deviates less than 0.0L4 pixel from the
resampled lines.) The first three figures cross an edge in the
high freauency region of Hand County. The last figure crosses un
edge containing a bright spot of a runway of Dulles Airport.
These figures also show that there is no noticeable spreading of
the edges dve to the high frequency energy loss in the
bi-resampled data. It should be reemphasized hece that the
dersradations, although measureable, are still slight and

probably ignorable for most applications.
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This figure is a photograph contained

in the pocket at the back of this report.

Figure 4-1. Scene FE-1080-15162, Singly Resampled Image
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This figure is a photograph contained

in the pocket at the back of this report.

Tigure L-?. Scene F-1080-15192, Doubly Resampled Imege



This figure is a photograph contained

in the pocket at the back of this report.

Fipure 4.3, Scene F-1080-15192, Difference Image
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Figure L-12 Hand County, Band 5, Singly Resampled Image
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figure 4-13(C) Hand County, Band L, Singly Resampled Image, Low Frequency Region
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igure L-13(F) Hand County, Band 5, Singly Resampled Image, Low Frequency Region
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_Figure 4-13(c) Hand County, Band 6, Singly Resampled Image, High Frequency Region
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‘sure 4-13(H) Hand County, Band 6, Singly Resampled Image, Medium Frequency Region
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Figure b-13(I) Hand County, Band 6, Singly Resampled Image, Lov Frequency Region
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% ¥igure L-13(7) Hand County, Band 7, €ingly Resampled Image, High Frequency Region
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Figure 4.13(X) Hand County, Band 7, Singly Pesampled Image, Medium Frequency Region
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